ABSTRACT: Diesel particulate matter (PM) was collected at different tailpipe positions where the sampling temperature was different. The PM samples were pre-treated in air at high temperature until 40% mass loss. Then, the partially oxidized PM samples were aged in air for 40 days, and the physicochemical properties of partially oxidized PM before and after aging in air were tested. The results showed that the oxidation activity of partially oxidized PM was appreciably restored by aging in air. The morphology, diameter distribution of primary particles and nanostructures of partially oxidized PM changed slightly after aging in air. The amorphous carbon adsorbing on PM surface were faintly observed through high resolution transmission electron microscope (HRTEM) images. The adsorption of oxygen-containing functional groups (carbonyl and hydroxy) and organic compounds were evidenced through Fourier transform infrared spectroscopy (FTIR) and Raman parameter A D3 /A G . The crystallite size calculated using Raman parameter decreased slightly after aging in air.
Introduction
Diesel engines are widely used in the transportations, because of the excellent fuel economy, durability and torque 1 . However, particulate matter (PM) emitted by diesel engines has brought about negative effects on human health and environment 2, 3 . Legislations limit diesel PM emissions both in mass and number that many measurements have been done to meet the legislations [4] [5] [6] [7] [8] .
Diesel particulate filter (DPF) is considered to be the most successful technology and widely used.
PM emitted from diesel engines is continuously captured on the filter of DPF, which causes an increasing backpressure of diesel engines and worsens the engine power and economic performances 3, 9 . The captured PM has to be removed by active or passive methods to avoid excessive deterioration of engine performances 10, 11 . The oxidation behaviours of diesel PM are necessary to achieve DPF regeneration, and the oxidation activity is closely related to physicochemical properties of diesel PM [12] [13] [14] [15] . The commonly used method to test the oxidation activity is thermogravimetric analysis (TGA) experiments. High resolution transmission electron microscopy (TEM), Raman spectra, Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) were used to investigate the physicochemical properties of diesel PM [16] [17] [18] [19] [20] .
Yehliu et. al 11 researched the oxidation activity of diesel soot sampled at different engine operating conditions and combustion phases. PM sampled at high engine speed showed high volatile organic compound (VOC) content and apparent rate constant. Higher engine speed meant less time for VOC to be post-oxidized in cylinder that led to higher VOC content. Oxygen-containing functional groups adhering on PM surface provided active surface for PM oxidation 21, 22 that caused high apparent rate constant. Yehliu et. al 11 also analyzed the oxidation rates and microstructures of diesel PM generated at retarded and advanced fuel start of injection (SOI) timing. The apparent rate constant obtained from TGA experiments was 2.3 times higher for retarding SOI timing (2 crank angle degree, CAD) than advancing SOI timing (2 CAD). The diesel PM sampled from retarding SOI timing had shorter crystallite fringe length and huger tortuosity than advancing SOI timing that partly explained the high rate constant for retarding SOI timing. The conclusions were similar to Gargiulo's results 19 that shorter crystallite fringe length and huger tortuosity meant higher oxidation activity of diesel soot. The crystallites arranged more orderly and densely for diesel soot with less oxidation activity that was seen from HRTEM figures 11, 14, 23 .
The crystallite size obtained using HRTEM images is similar to the results calculated using Raman spectra and XRD parameters, and they are mutual complementation 17, [24] [25] [26] . The Raman spectra present the degree of lattice defects and carbon graphitization that show closely relations with PM oxidation activity 4, 17, 27 . However, the relations of Raman spectra parameters and oxidation activity are still in debate 17, 28, 29 . Gao et. al 4 showed that the apparent rate constant at 50% mass loss increased with full width at half maximum (FWHM) of D1 band, and the average activation energy increased with FWHM of G band. Sheng et. al 30 presented the results that the temperature at 20% mass loss dropped with increasing Raman parameter A D1 /A G (area ratio of D1 band to G band). The D3 band of Raman spectra is caused by amorphous carbon that mainly refers to the organic compounds containing oxygen-containing functional groups 26, 31, 32 . Reference 10 showed that the amount of initial oxygen content was more important factor governing oxidation activity compared with initial structures and pore size distributions. The statement was demonstrated by the fact that biodiesel-derived soot was 5 times more oxidation reactive than Fischer-Tropsch (FT) diesel soot, though biodiesel-derived soot was more orderly arranged. Chien et. al 16 tested oxygen-containing functional groups using FTIR technology that biodiesel soot showed high anhydride and carboxyl content that dominated oxidation activity.
Engine operation condition is variable in real-time driving so that high load causes high exhaust temperature leading to partially oxidation of diesel PM. The partially oxidized PM is exposed to low temperature atmosphere after engine stops. Exposure causes the changes of physicochemical properties, which leads to the changes of oxidation activity that shows closely related to DPF regeneration 33 . For the periodical DPF regeneration, it more often involves partially oxidized PM after aging rather than fresh PM. The physicochemical properties changed enormously when diesel soot was partially oxidized, and the oxidation activity decreased evidently 4, 14 . The partially oxidized PM became hollow microstructures with void cores and orderly arranged crystallites.
Reference 34 indicated that oxidation activity was restored for partially oxidized PM after aging in air. Yezerets et. al 34 contributed oxidation activity restoration to the changes in chemical compositions rather than microstructures, however, the reasons were only based on the speculations rather than experiment evidence. Lambe and Browne 35, 36 monitored chemical composition changes of soot particles after exposing in OH atmosphere, and active species adhering on PM surface were tested. The literature about partially oxidized PM aging in air is scarce to date, and the questions about the reasons of oxidation activity restoration remain to be addressed. In this paper, diesel PM was sampled to investigate the oxidation activity restoration by aging in air for partially oxidized PM. And physicochemical properties of partially oxidized PM before and after aging in air were analyzed to figure out the reasons of oxidation activity restoration.
Experimental work

The test engine
The diesel PM was generated by a small displacement diesel engine (KD186FA). The diesel engine has run for less than 100 h. The detailed specifications of the diesel engine are shown in reference 4 .
The diesel engine is used as the power of a generator that the speed is constant (3000 r/min), and the engine load is adjusted by the power output of the generator. The fundamental properties of the fuel used in the experiments are shown in Tab. 1. The exhaust was extracted from different positions of tailpipe and PM was captured using filter. Different sampling positions meant different temperature. 
Thermogravimetric analysis
The type of TGA device is DTG-60 that was made by Shimadzu. In order to guarantee the accuracy of TGA experiments, vacant combustion were done before the experiments to eliminate the effect of residual in last experiment and the duplicate tests were made before the experiments. The three profiles of the TGA experiments performed at the same conditions were coincident, as shown in Fig.   S1 . In order to obtain the partially oxidized PM, all the samples were heated at 5 °C/min in air atmosphere using TGA device, until 40% mass loss. Then the air was switched as N 2 , and the samples were cooled to ambient temperature (pre-treatment process). The aging process of partially oxidized PM was performed by exposure in air for 40 days. The partially oxidized PM samples both before and after aging were used to do the TGA experiments, that PM samples were heated from room temperature to 700 °C at 5 °C/min in air atmosphere. The flow rates of the air and N 2 in the experiments were both 100 mL/min.
High resolution transmission electron microscopy
A field emission transmission electron microscopy (TEM) was used to obtain HRTEM images. The point-to-point resolution of HRTEM images was 0.19 nm. Suspensions of diesel PM were prepared using ultrasonic extraction methods within acetone before HRTEM experiments. A drop of suspension was deposited on a lacey C/Cu TEM grid, then dried using accent light. The applied magnifications were set as 40, 000× and 500, 000×, the figures with low magnification were used to obtain the particle diameter distributions. More than 300 particles were used for diameter statistics.
Both the particles before and after aging in air were used to perform the HRTEM experiments.
Fourier transform infrared spectroscopy
The functional groups contained in PM can be analyzed by FTIR spectra. FTIR spectra was obtained by FTIR spectroscopy (IRAffinity-1s) made by Shimadzu. For qualitative analysis of FTIR spectra, small amount of diesel PM was blended with KBr powder (about 1% PM and 99% KBr) to make the slice. Before the test, the blank experiment was done to perform the background subtraction. The spectral region of the test was 450 cm -1 ~ 4500 cm -1 .
Raman spectra
Raman spectra show sensitivity to molecular structures, and Raman signals are caused by lattice vibration and sensitive to the degree of the structural disorder 27 . A Invia Raman spectrometer owing an Ar-ion laser source (633 nm) was used to obtain PM Raman spectra. The first order Raman spectra (Raman shift: 700 cm -1 to 2000 cm -1 ) was investigated. Raman spectra presented two bands that were corresponding to 1350 cm -1 (D band) and 1590 cm -1 (G band). D and G bands were caused by lattice defects and graphite carbon respectively 26 .
Results and discussion
Oxidation behaviours of diesel PM
During the pre-treatment of diesel PM, the oxidation and volatilization of VOC happened. The ramp rate and gas flow rate of the TGA experiments were 5 °C/min and 100 mL/min respectively. VOC content of diesel PM sampled at different tailpipe positions was obtained from TGA profiles where PM samples were heated in N 2 atmosphere. Tab. 2 shows the VOC content and characteristic temperature of raw diesel PM. As can be seen, higher sampling temperature presented less VOC adhering on diesel PM. High volatility VOC (H-VOC) and low volatility VOC (L-VOC) content differed greatly, which was consistent with Wang's results 37 . The influence of VOC content on PM oxidation temperature was still in debated 9, 11, 38 . Because of the differences in physicochemical properties of raw diesel PM, the pre-treatment temperature corresponding to 40% mass loss differed significantly (final pre-treatment temperature in Tab. 2). The final pre-treatment temperature was higher than 450 °C and partial oxidation happened for soot that caused the microstructure changes.
No matter the sampling positions of diesel PM, the burn out temperature differed slightly, because PM formation condition was the same. (1) Temperature corresponding 40% mass loss; (2) Temperature corresponding to 95% mass loss.
During the pre-treatment process, the oxygen-containing organic compounds were partially oxidized, and the graphitization of soot was aggregated. Less oxygen-containing organic compounds provided less active site, and the graphitization of soot decreased the oxidation activity. Fig. 1 presents the oxidation profiles of diesel PM both before and after aging for partially oxidized PM. When temperature was higher than 400 °C, pre-treated PM began to oxidize. The burn out temperature (Tab. 3) was almost the same for the three pre-treated diesel PM, and the temperature decreased slightly after aging in air. Because the PM formation temperature is the same and it is more than 1000 °C. After aging in air for 40 days, the physicochemical properties changed enormously that could be inferred from the TGA profiles. As can be seen, PM oxidation behaviours in the temperature range of 450 °C ~600 °C changed greatly. Oxidation activity of pre-treated PM was partially restored that the ignition temperature dropped evidently. The aged PM began to oxidize when heating temperature was higher than 250 °C, however, aging in air caused slight changes for burn out temperature. The phenomenon was coincident with the results in other study 34 .
The average activation energy of partially oxidized PM decreased by 7.84 kJ·mol -1 , 7.55 kJ·mol The ignition temperature (T 5% ) dropped by 27.6 °C, 30.6 °C and 23.0 °C respectively for the three samples after aging. The tendency of the ignition temperature drop of the three samples was inversed with H-VOC content. And the burn out temperature change was about 2 °C. Yezerets et. al 34 pointed that initial oxidation activity was restored repeatedly by exposure of PM to air for weeks at room temperature, however, the oxidation activity was with no change for PM aging in He atmosphere. The restoration of oxidation activity was observed, however, the reasons causing the activity restoration was only based on speculation that some highly activity groups formed on the surface of diesel soot. Lambe et. al 36 observed the chemical composition changes of organic coating after the exposure in OH atmosphere. The microstructure changes of diesel PM after aging in air is still with no report. The microstructures and compositions were investigated to further figure out the reasons of oxidation activity restoration.
Microstructure analysis of diesel PM
The diameter of primary diesel PM decreased and the crystallite arranged more orderly after being partially oxidized, also the microstructure change was greatly dependent on the engine conditions 39 .
Dou et. al 40 investigated the effect of the tailpipe length on particle size distribution and particle number concentration (total, nucleation and accumulation particle number). The particle size distributions moved towards to smaller diameter with increasing tailpipe length. The nucleation particle number increased rapidly with longer tailpipe length because of the condensation of L-VOC.
The PM stacking degree was also related to VOC content that higher VOC content contributed to higher viscidity that partly caused the accumulation of diesel particles 41, 42 . Fig. 2 shows the morphology of partially oxidized PM both before and after aging in air. Seriously stacked particles were observed for the three PM samples, and the periphery of these particles was overlapped. The morphology of diesel particles was almost with no changes after aging in air for 40 days (Fig. 2) .
Though some active species (O 3 , NO 2 ) existed in air, the morphology kept intact due to the low concentrations of active species and low temperature (ambient temperature).
40%
loss aging Sample 1 Sample 2 Sample 3 Fig. 2 The morphology of diesel PM both before and after aging Diameter distributions of primary diesel PM were obtained using low resolution TEM images, as shown in Fig. 3 . The number of diesel PM used for the statistics was no less than 300. The diameter distributions of partially oxidized diesel PM sampled at different tailpipe positions were similar.
The peak positions of particle diameter distributions were around 30 nm that was slightly bigger than other statistic result 3 , and almost no particles diameter more than 80 nm were observed in the paper. The peak positions of partially oxidized PM after aging in air slightly shifted to right.
Different from particle size distribution tested using Fast Mobility Particle Sizer (FMPS) and Electrical Low Pressure Impactor (ELPI) 40, 43 , the nucleation and accumulation mode particles cannot be divided evidently in this paper. Primary particle diameter in this paper was geometry diameter; however, it was calculated based on aerodynamics for FMPS and ELPI. The nucleation mode particles were considered to be the inorganic salt and soluble organic fraction (SOF). The average diameter of the primary particles was almost the same for PM both before and after aging in air (Tab. 4). The chemical reaction rate was much slow during the aging in air for the partially oxidized PM. Concluded from the images of low resolution TEM and diameter distributions of primary particles, the morphology and particle diameter distributions contributed to limited oxidation activity restoration, and it seems that the burn out temperature were more dependent on PM formation conditions rather than sampling and pre-treatment conditions. The crystallite arrangement showed closely related to PM oxidation activity that more densely arranged crystallite and longer crystallite fringe decreased oxidation activity 39 . Fig. 4 shows the nanostructures of diesel PM both before and after aging in air for partially oxidized PM. The partially oxidized PM presented core-shell like structures with void cores and orderly arranged crystallite. The nanostructures of partially oxidized PM were similar to other references 14, 44 . After long time aging in air, the core-shell like structures remained unchanged and the void cores were still evident. But some amorphous carbon adhered on the periphery of primary particles after aging in air that the phenomenon was obvious for sample 2. The phenomenon was ambiguous for sample 1 and sample 3 that partly explained the maximum drop (30.6 °C) of ignition temperature for sample 2. References 22, 32 indicated that amorphous carbon were composed of oxygen-containing organic compounds that provided active sites for PM oxidation. Aging in air restored the active sites, though the sites decreased greatly after partial oxidation at high pre-treatment temperature. So that aged PM began to oxidize when temperature was around 300 °C. 
FTIR analysis of diesel PM
Amorphous carbon adhering on the surface of the aged PM was observed by HRTEM figures for some samples, organic compounds were further tested using FTIR. Fig. 5 shows the functional groups of partially oxidized PM after aging in air. As can be seen, the absorbance intensity of partially oxidized PM was weak. After 40% mass loss for diesel PM during the pre-treatment process, the organic compounds were almost breakup and oxidized. Song et. al 45 tested oxygen content of diesel and biodiesel PM, the oxygen content dropped sharply when more than 40% mass was burnt off for biodiesel soot, while it was 20% mass loss for diesel soot. The oxygen content was rather low when 40% mass was burnt off for diesel soot that the phenomenon was consistent with the results in the paper that can be deduced from the absorbance intensity. Song et. al 10 indicated that oxygen content was more important factor dominating oxidation activity than microstructures.
This point was demonstrated by the fact that biodiesel soot was 5 times more reactive than diesel soot though biodiesel soot crystallite was more orderly arranged. For the partially oxidized diesel PM (40% mass loss), the residue after pre-treatment was mainly the element carbon.
600 900 1200 1500 1800 3600 3900 600 900 1200 1500 1800 3600 3900 600 900 1200 1500 1800 3600 3900 FTIR spectra of partially oxidized PM after aging in air for 40 days are also shown in Fig. 5 . The absorbance intensity of FTIR spectra was rather strong for aged PM compared with partially oxidized PM, especially the wavenumber around 670 cm -1 , 1450 cm -1 , 1550 cm -1 , 1700 cm -1 and 3700 cm -1 . As indicated in the figure, the organic compounds adhering on PM surface during the aging process were mainly methyl, methylene, methyne, carbonyl and hydroxy. The carbonyl mainly contained anhydride (~1810 cm -1 , ~1760 cm -1 ), aldehydes (~1735 cm -1 ), ketone (~1725 cm -1 ), carboxylic acid (~1715 cm -1 ) and amide (~1690 cm -1 ). Carbonyl and hydroxy contained oxygenium which formed active sites on PM surface. These organic compounds were easy to oxidize and provided active surfaces (surface containing active sites) for oxidation activity restoration. The absorbance intensity was closely related to the content of the target compounds.
The amount of adsorbed organic compounds maybe related to the concentration in atmosphere, and the specific surface area and microcellular structure of diesel PM. The changes of absorbance intensity during the aging process were the smallest for sample 3 that partly caused the smallest drop of the ignition temperature (23.0 °C) after aging. The ignition temperature showed closely related to PM components, while the microstructure may dominate burn out temperature.
Raman spectra analysis of diesel PM
Raman spectra provided information about lattice vibration, and showed sensitivity to crystallite structures and molecular structures. Raman signals showed lattice defect and the degree of graphitization. The lattice defect and graphitization presented closely related to PM oxidation activity 4 . Fig. 6 shows Raman spectra of diesel PM before and after aging. D band (1350 cm however, the tendency was inconsistent 3, 4, 46, 47 . The parameter changes of the three samples after aging in air were inconsistent that it decreased for samples 1 and 2, while it increased for sample 3. The two-and three-curve-fitting methods were used for the first order Raman spectra (Fig. 7) , and the obtained Raman parameters are listed in Tab. 5 and 6. The correlation coefficients of the fitted curves were more than 0.988. The peak positions of D1, D3 and G bands were corresponding to ~ 1350 cm -1 , ~ 1500 cm -1 and ~ 1590 cm -1 respectively. D1 and G bands were fitted using Lorentz curves, and D3 band was fitted using Gaussian curve. D1 and G bands were caused by lattice defects and graphitized carbon respectively, and D3 band was caused by amorphous carbon that was mainly referred to the oxygen-containing organic compounds. The oxygen-containing organic compounds provide active sites for PM oxidation. Original spectra D1 band D3 band G band Fig. 7 The two-and three-curve-fitting methods 26 . The crystallite size is inversely correlated to Raman parameters I D1 /I G . Raman parameters were obtained using three-curve-fitting method, as listed in Tab. 6. The crystallite size calculated using intensity ratio I D1 /I G is shown in Fig. 8 . The crystallite size decreased slightly after aging in air, which was caused by the decrease of I D1 /I G . The decreased crystallite size also partially contributed to the oxidation activity restoration of partially oxidized PM. 
Conclusions
Diesel PM was sampled at different tailpipe positions where the temperature differed greatly. In order to investigate the oxidation activity restoration, the partially oxidized PM (40% mass loss) was aged in air. The oxidation activity was tested by TGA experiments, and the physiochemical properties of partially oxidized diesel PM both before and after aging were obtained using the HRTEM, FTIR and Raman spectra. The obtained conclusions were as the following:
(1) The oxidation activity of oxidized PM was partially restored by aging in air. The ignition temperature of the partially oxidized PM dropped by 27.6 °C, 30.6 °C and 23.0 °C respectively for the diesel PM sampled at different tailpipe positions. The burn out temperature drop was limited after aging in air that it was around 2 °C.
(2) The morphology and the average diameter of diesel PM before and after aging changed slightly.
Some amorphous carbon adhering on the periphery of the primary particles was observed for some diesel PM. 
Supplementary information
Provide the information of duplicate tests of TGA experiments and Arrhenius plots. 
